Editor's key points † Anaesthetics have effects on memory. † The effect of isoflurane on short-and long-term memory was measured in rats. † Odour discrimination tasks were used. † Isoflurane impaired long-term memory more than short-term memory.
circumstances, point to the possible existence of anaesthetic-sensitive 'weak links' in the various steps that lead from an experience to a lasting memory trace.
The experiments that produced these insights included both animal and human studies. The animal studies were based primarily on aversive conditioning paradigms, such as fear-potentiated startle, 7 fear-induced freezing, 2 and step-through passive avoidance (inhibitory avoidance). 4 8 In contrast, the human studies used primarily non-aversive paradigms, such as category-example word-priming tasks, 9 free recall or word recognition, 10 11 and continuous recognition of visual images. 6 Unfortunately, since aversive and non-aversive paradigms engage different brain structures containing cellular and molecular elements that may differ substantially in their behavioural roles or anaesthetic sensitivity, it is difficult to relate findings derived from animal studies to clinically relevant questions in humans.
To provide a bridge between human and animal studies, we sought to develop a non-aversive animal model that might be used to probe the mechanisms of anaesthetic-induced memory impairment. Recognizing the importance of the olfactory system to rodents, we used operant conditioning of olfactory learning 12 to test the susceptibility to isoflurane of two learning tasks with differing cognitive demands, and examined whether isoflurane would differentially affect short-term compared with longterm memory (as observed in visual recognition studies in humans). 5 6 Olfactory learning shares many characteristics with explicit episodic memory in primates; 13 it differs from commonly used fear conditioning-based paradigms that engage neuronal circuits and hormonal cascades underlying emotional learning. 14 15 We present experiments using two versions of an odour discrimination task (task A: successive cue, go/no-go; task B: simultaneous cue, go-left/go-right) and two experimental paradigms (experiment 1: acquisition, which reflects short-term or working memory; experiment 2: 24 h 'recall', which is our measure of long-term memory). The two tasks differ with respect to the neuronal circuitry that is required: simultaneous cue (task B) but not successive cue (task A) is impaired by hippocampal lesion. 12 The two experiments probe the temporal dynamics of isoflurane-induced amnesia for non-emotional learning and memory.
Methods
A total of 44 young adult male Long Evans rats ( 200 g) were used in this study. Rats were randomly assigned to be trained and tested in either task A (successive cue, go/ no-go-26 rats) or task B (simultaneous cue, go-left/ go-right-18 rats). All animals had free access to rat chow and water except for the 48 h before the initial training when they were deprived of water. During the subsequent 4 weeks of training, access to water was limited to 20 min per day after the training/experimental session. All experiments were approved by the IACUC of the University of Wisconsin-Madison. We reproduced the experimental apparatus described by Eichenbaum and colleagues, 12 and enclosed it in acrylic glass to allow for the application of inhaled anaesthetics. Briefly, the experiments were performed in a behavioural chamber that included a port for odour presentation, controlled by a computerized solenoid valve, a photocell for tracking the animal's location and responses, a speaker, and a delivery port for water reward (Fig. 1) . For both tasks, the rat was trained to discriminate between two odours and to respond correctly in order to be rewarded. However, the elements were arranged differently for the two tasks. For task A (go/no-go), there was a single odour presentation port, and the correct response consisted of a maintained nose poke for the 'positive' (i.e. rewarded) odour and a discontinuation of the nose poke for the 'negative' (i.e. unrewarded) odour. For task B (go-left/go-right), both odours were presented simultaneously from two adjacent odour ports, and the correct response consisted of a maintained nose poke in the port from which the 'positive' odour originated. For both tasks, we used an inter-trial interval of 6 s, and correct choices were rewarded by 0.05 ml of water.
The simultaneous presentation of odour cues together with the requirement for differential response choices based on spatial cues (left or right) biases towards a hippocampus-dependent relational representation for successful completion; in contrast, successive presentation of the two odour cues paired with a simple completion/interruption of a single behavioural response (go/no-go) does not require hippocampal involvement. 12 
Training/shaping
This part consisted of three phases: first, orientation and task recognition; secondly, two odour discrimination; and thirdly, new odour pair learning. Training sessions were conducted daily. Each session lasted until either the learning criterion was met (defined as 18 correct responses out of 20 consecutive trials) or 110 trials had elapsed.
Task A: successive cue (go/no-go) During the first phase, the animal learned to orientate itself in the training chamber [access the cul-de-sac containing the odour and water delivery port(s)] and to recognize the initiation of a trial by a brief tone presentation and the association between poking its nose into an odour delivery port and receiving water. The duration of the required nose poke was gradually increased to 2 s. In the second phase, the animal was confronted with odour pairs presented successively from the same port. The valence of one of the two odours was designated by the experimenter as 'positive' (i.e. rewarded) and the other as 'negative' (i.e. unrewarded). The beginning of the trial was signalled by a brief tone. The rat then approached a port, and one of the two odours was presented. If the positive odour was presented, the rat was rewarded with water if it kept its nose in the port for more than 2 s. In contrast, if the 'negative' odour was presented, the nose poke was not rewarded. Animals learned to maintain a nose poke only for the positive odour. The sequence of odour presentation (positive vs negative) was randomized, except that randomization was frozen after an incorrect choice. In the third phase, the rats were overtrained on numerous odour pairs (one pair per day) until the number of trials required to reach learning criterion stabilized and the actual experiment could begin. During the inter-trial interval of 6 s, the port was flushed with clean air at 500 ml min 21 .
Task B: simultaneous cue (go-left/go-right)
The single port was replaced with two adjacent ports (left/ right). Training/shaping for task B was similar to task A, except that during the second phase of training, the two odours comprising the odour pair were presented simultaneously from two ports (e.g. rewarded from the left and unrewarded from the right). The animal had to choose the 'correct' port (the port from with the rewarded odour was delivered) and poke its nose into that port in order to receive the water reward. The assignment of rewarded/unrewarded odour to the left or right port was randomized for each individual odour presentation, except that the randomization was frozen for incorrect responses.
Experimental procedure
For both tasks A and B, two types of experiments were performed. Experiment 1: Acquisition of learning sets (dependent on short-term/working memory): a test for the acquisition of a learning set under control conditions (no anaesthesia-4 rats for each task) or while exposed to 0.3%, 0.4%, or 0.5% isoflurane (3 rats at each concentration for each task).
Experiment 2: '24 h recall' (dependent on long-term memory): a test for the recall of a learning set 24 h after its acquisition under control conditions (no anaesthesia-3 rats for each task) or under 0.3% or 0.4% isoflurane (3 rats at each concentration for each task).
Acquisition (experiment 1) was tested as follows: the rat was repeatedly presented with an odour discrimination task until its responses met criterion (18/20 correct responses) or 110 trials had elapsed, in the presence of 0%, 0.3%, 0.4% and 0.5% isoflurane, randomized by order of concentrations. To assure equilibration between the brain and inhaled concentrations, rats were exposed to isoflurane for 20 min in the training chamber before the training session began. Each rat was trained on five different odour pairs, but on any day, an individual animal was trained on only a single odour pair. The outcome measure was the number of trials required to meet the established learning criterion (18 correct responses out of 20 consecutive trials).
To test long-term retention of odour valence (experiment 2), we initially attempted to simply repeat experiment 1 after 24 h with the odour valences reversed, in which case we expected the number of trials required for acquisition to be increased as the animals persisted with the learned response. However, as we discovered in a preliminary series of experiments, when repeatedly faced with reversal of valence, the rats rapidly stopped performing altogether-they refused to even attempt to acquire new learning sets after a small number of reversal episodes. We attributed the failure to continue acquiring new odour pairs-'going on strike'-to the known difficulty of forcing rats to contradict an established odour association. 16 Therefore, we designed experiment 2, in which we first determined an individual's naturally preferred odour (unrewarded intrinsic preference trial), then 'taught' the animal that the less preferred odour was the rewarded one (acquisition trial, rewarded) and finally repeated the test with the same odour pair after 24 h (unrewarded probe trial). The final acquisition session, conducted immediately after the probe session, was included not as a memory test but was intended to reassure the animals that, 'the rules have not changed', so they would be encouraged to continue performing the task on subsequent days. Experiment 2 (24 h recall) consisted therefore of three sessions that took place over a 2 day period (Fig. 2) . The first day began with an 'intrinsic preference' session consisting of 10 odour presentations, randomized by order of presentation (task A) or left/right position (task B), delivered without water reward. Based on these 10 unrewarded trials, the animal's intrinsic odour preference for that specific odour pair was determined. Twenty minutes later, an 'acquisition' session was conducted in the presence of 0%, 0.3%, or 0.4% isoflurane, using that same odour pair, with the preferred odour designated as the 'negative' (i.e. unrewarded) odour. The acquisition session lasted for as many trials as necessary to meet the usual learning criterion. On the 2nd day, odour preference was tested again in a 'probe' session with 10 unrewarded trials using the odour pair learned on the previous day. The outcome measure was the number of 'correct choices' (i.e. maintained nose pokes for the positive odour) in the probe session above the number expected based upon the intrinsic preference as determined the preceding day. Assuming that the odour rewarded during the test session was encoded successfully into long-term memory, the animal should choose it more frequently during the probe session than during the intrinsic preference session on day 1. Conversely, in the absence of any long-term memory formed during the test session, the animal would revert to the intrinsically preferred odour. This probe session was followed immediately by an acquisition session, using the same odour pair and valence from the preceding day, in order to reinforce the animal's continuing performance.
Statistical analyses Experiment 1: acquisition of learning sets
The number of trials necessary to successfully complete the learning task (i.e. to reach criterion performance) was recorded for each learning set at isoflurane concentrations of 0%, 0.3%, and 0.4%. For each task, the mean number of trials required for successful task completion was compared among the three concentrations using repeated-measures one-way analysis of variance (ANOVA). Statistical significance was declared whenever the P-value was ,0.05.
Experiment 2: 24 h recall
For each learning set, we calculated the day 1 probability (P O ) of choosing the rewarded (non-preferred) odour by dividing the number of nose pokes to that odour, which would later be designated 'positive' during the rewarded training session, by the total number of unrewarded trials that the rat experienced during the intrinsic preference session of 10 trials. (Usually this number was 10, but some rats did not perform a nose poke to either odour during the initial preference trials, so 'no performance' trials were not included in the denominator.) To derive the number of choices during the probe session that would be expected under the null hypothesis of no long-term memory, for each learning set, we computed the expected number of nose pokes into the 'positive' (rewarded) odour by multiplying P O by the total number of trials performed on day 2. We then calculated the difference between the number of observed (O) and expected (E) choices of the positive odour on day 2. In the absence of long-term memory, we expected that on day 2, the rats would revert to the preferred choice of odour (as expressed on day 1). Therefore, positive differences between the observed and expected numbers of rewarded odour choices are interpreted as evidence of long-term memory. For each task and at each isoflurane concentration, the O2E difference was compared with zero using onesample t-tests to test for the presence of long-term memory. The 'strength' of long-term memories after acquisition under 0% vs 0.3% was compared using ANOVA. Statistical significance was assessed at the P,0.05 level. All statistical analyses were performed using SAS v. 9.2 (SAS Institute, Cary, NC, USA).
Results

Experiment 1
Under 0.5% isoflurane inhalation, rats became too sedated and uncoordinated to perform interpretable experiments. When breathing either 0.3% or 0.4% isoflurane, animals did successfully perform the tasks, except that the experiment was terminated after 110 trials had elapsed three of 50 times in experiment 1, and three of 45 times in experiment 2, in both cases only for task B under 0.4% isoflurane. A summary of the number of trials required to reach criterion performance (18 of 20 correct) is presented in Table 1 .
Compared with control conditions (0% isoflurane), acquisition in 0.3% isoflurane was not significantly impaired for task A (F¼2.63, P¼0.16), but it was for task B (F¼12.24, P¼0.017). Acquisition in 0.4% isoflurane was slowed, for both task A (F¼92.47, P¼0.0002) and task B (F¼31.01, P¼0.0026). When compared directly, a greater number of trials was required to reach criterion in 0.4% than 0.3% isoflurane, for both task A (F¼60.63, P¼0.0015) and task B (F¼14.68, P¼0.019).
In summary, in both tasks, animals were able to acquire the learning sets while inhaling 0.3% and 0.4% isoflurane, but they required a greater number of trials at the higher concentration. To criterion, rewarded The intrinsic preference of an individual for one odour out of a pair was determined initially (intrinsic preference, day 1, left). Subsequently, on the same day, the animals were trained under control conditions (0% isoflurane) or anaesthesia (0.3% or 0.4% isoflurane); the non-preferred odour was designated as having 'positive valence' and was the rewarded odour (acquisition of learning set, day 1, right). The following day, a 'probe' session was conducted consisting of 10 unrewarded trials using the odour pair from day 1 (day 2, left). If animals remembered the odour valences as established on day 1, we expected them to prefer the 'positive' odour. If they did not remember the odour valence, we expected them to show the same odour preference in the probe test on day 2 as during the intrinsic preference test of day 1. This 'probe test', which was used to assess their memory, was followed by a 'rules reinforcement session' that was not used to assess memory.
Experiment 2
To test whether animals retained memory of odour valence for 24 h, in a separate cohort of animals, we conducted a series of 10 unrewarded odour presentations to determine 'intrinsic preference' for each odour pair, then followed these with a series of rewarded odour presentations until animals met the same criterion performance as in experiment 1 (18 of 20 correct), both phases taking place on day 1 (Fig. 2) . Acquisition in 0%, 0.3% and 0.4% isoflurane was virtually identical to results of experiment 1 ( Table 1) , demonstrating that the paradigm is robust, and that the intrinsic preference testing did not interfere with the animals' ability to acquire the learning sets once the rewarded trials began (data not shown). To test their longterm (24 h) retention after they had learned under these conditions, we repeated the unrewarded preference tests on day 2 in the absence of isoflurane, and compared these results with those from the preceding day. Summary histograms of observed-minus-expected (O2E) differences are presented in Figure 3 . Positive O2E values indicate long-term memory as the subjects remember the rewarded odour from the acquisition trial of day 1 and prefer that odour, counter to their intrinsic preference. With no long-term memory of the acquisition trial, the O2E value should be centred around zero, that is, the animals follow their intrinsic preference (no difference between intrinsic preference trial on day 1 and probe trial on day 2 .727 Although long-term memories were present after they had been acquired under 0.3% isoflurane, were they as strong as the memories that had been acquired under control conditions? For task A, O -E values were not significantly different after learning in 0.3% isoflurane compared with control conditions (F¼1.09, P¼0.36). For task B, there was a trend towards memories being 'weaker' after learning in 0.3% isoflurane compared with control conditions (F¼6.68, P¼0.06).
Discussion
We used two odour discrimination learning tasks to examine the time-, task-, and dose-dependence of isoflurane-induced amnesia. Our principal finding is that animals were able to learn to discriminate successfully (i.e. that perception and storage in working/short-term memory did occur), but that recall at 24 h (long-term memory) was impaired. Furthermore, the two tasks were suppressed by low concentrations of isoflurane to differing degrees, presumably reflecting differential sensitivity of the underlying molecular, cellular, or circuit-level components to isoflurane-induced impairment.
Acquisition of learning sets tests short-term memory
We use the term 'acquisition' to describe the mnemonic process tested in experiment 1 because the animals entered the experiment 'overtrained' with respect to the general rules of the tasks; these experiments tested their ability to acquire a new learning set, that is, the valence (rewarded or non-rewarded) of a new odour pair, rather than learning the 'rules of the game'. The minimal requirement for successful performance is the ability to maintain the association between an odour and its valence for the duration of the 6 s long inter-trial interval. The neural circuitry that becomes engaged in storage of a representation for this duration is commonly referred to as short-term or working memory. Information is maintained (replayed) in this temporary buffer for a number of seconds. The exact subsequent fate of this information is subject to debate. According to the standard consolidation theory, the information either becomes durable in an unaltered form with the passage of time or degrades. According to the multiple trace theory, the information undergoes a dynamic process of retention and retrieval that leads to neocortical storage of a schematic version that is largely stripped of contextual detail. 17 The extent to which the latter processing might occur within the 24 h between our experiments is not clear.
Post-acquisition probe trials test long-term memory
By comparing the number of nose pokes in 'intrinsic preference' and 'probe' sessions conducted before and after acquisition took place, we were able to repeatedly test acquisition and then 24 h memory for five new odour pairs for each rat. We interpret the difference in odour preference (predicted minus observed choices, Fig. 3 ) to reflect the strength of the remote memory on day 2 for the rewarded learning trial of day 1, conducted while inhaling various isoflurane concentrations on day 1. While this represents a noncanonical approach to memory testing, our findings with respect to dose-and task-dependence conform to a conventional interpretation.
Acquisition of learning sets in different tasks
We used task A (sequential go/no-go) vs task B (simultaneous go left/go right) to examine isoflurane's effect on different memory systems. In previous studies, lesion of the hippocampal system impaired performance only in the simultaneous task. 12 However, only the rates of acquiring the first three learning sets were measured in those experiments, whereas in our study, the animals had already been exposed to multiple odour pairs during the training phase. It is possible that this 'overtraining' may lead to the utilization of different neuronal substrates during task performance. 18 Also, more recent experiments indicate that episodic short-term memory for odours may not rely on the hippocampus to the degree originally proposed. 19 20 Therefore, we abstain from unambiguously attributing the observed differences between the two tasks to separate anatomical/functional substrates. Nevertheless, our experiments confirm that simultaneous odour presentation combined with a response choice (task B) is more demanding (more trials to reach criterion) than successive odour presentation (task A), whether or not it engages different anatomical structures or imposes qualitatively different computational requirements.
Short-term compared with long-term memory
Since we used different experiments to examine isoflurane's effect on short-and long-term memory, we are unable to provide a direct quantitative comparison of relative effects of anaesthesia on the two phenomena. However, a qualitative comparison reveals a pattern that matches results of prior human and animal studies: low concentrations of isoflurane can impair or suppress long-term memories even though they have little or no effect on short-term memories; memory impairment is more profound at higher concentrations; and tasks that impose a greater cognitive demand exhibit a greater susceptibility to anaesthetic impairment (these last two pertain to both short-and long-term memory). In humans, low doses of anaesthetics produce a behavioural state wherein subjects are able to follow commands (i.e. are conscious), but they lack subsequent explicit recall of the events. Experiments designed to unravel the underlying dynamics revealed that when this behavioural state was induced by the GABAA-ergic drugs propofol and midazolam, working memory (measured in seconds) was unimpaired, but the event-related potential (an electrophysiological measure of early memory processing) was degraded within 1 min, indicating a failure to store the created trace into long-term memory. 6 In contrast, the a2-adrengergic agonist dexmedetomidine, and the non-selective agent thiopental, displayed markedly different profiles: for these drugs, amnesia appeared to be a consequence of the sedation that was induced. 5 The nature of a volatile anaesthetic-induced 'conscious amnestic' state is not as well characterized in humans, so it is unclear whether inhaled anaesthetics would show a similar dissociation between 'learning' and 'memory'. However, concentrations that impair long-term memory in human studies of learning under anaesthesia are similar to those that we found impair 24 h recall in the present study. 9 21-23 In animal studies of fear conditioning, learning (acquisition) was also shown to be more robust than memory (retention) for both inhaled anaesthetics 4 and the nonsedative, experimental anaesthetic-like compound F6. 3 In contrast, when a non-emotional learning test was used (novel object recognition), nitrous oxide was found to impair both encoding and retrieval of information. 24 The most parsimonious interpretation of experiment 1 compared with experiment 2 is that isoflurane at amnestic/ subhypnotic concentrations abolishes long-term memory without suppressing working memory, much as occurs with GABA A -ergic drugs in humans. Our results could also be interpreted as accelerated forgetting, as suggested by Veselis and colleagues 6 based on studies of visual recognition memory in humans. A comparison between tasks A and B is also compatible with the notion that increasing the complexity of a task renders it more susceptible to interference, in agreement with previous findings comparing hippocampusdependent with hippocampus-independent fear conditioning. 2 Sensory discrimination in the auditory system is affected by subhypnotic concentrations of isoflurane. 25 Our results could be due to the inability of the subjects to discriminate between odours, although we believe this to be unlikely as experiment 1 clearly showed that the animals were able to acquire novel learning sets. Interestingly, isoflurane's effect on auditory discrimination became apparent only with relatively difficult discrimination tasks. 25 While we do not have an objective measure of 'task difficulty' for our experiments, the higher sensitivity of task B to interference by isoflurane might be due to the need for cortico-hippocampal maintenance of working memory, 26 27 in task B, rendering it more susceptible to interference. We also did not measure or control for motor impairment and this may have contributed to impaired performance in the acquisition phase.
Do mechanisms of amnesia matter?
The existence of a drug-inducible state of conscious amnesia is interesting both from a mechanistic and from a practical perspective: temporary amnesia is a key expectation for procedures performed under anaesthesia, and while amnesia can be reliably achieved at high anaesthetic concentrations, the use of high concentrations is fraught with undesirable short-term consequence and potentially even long-term consequence. 28 Our data show that during isofluraneinduced conscious amnesia, consolidation of working memory representations into longer term memory is impaired, apparently similar to the effect of GABA A -ergic agents on explicit memory in humans. 5 Put differently, in a specific concentration range, isoflurane does not suppress conscious perception or short-term/working memory, but it accelerates forgetting. This finding is surprising because, from a molecular-level perspective, isoflurane's promiscuous receptor-level activity appears more akin to thiopental than to the more GABA A receptor-selective drugs midazolam and propofol. Nevertheless, our findings are consistent with animal data using fear conditioning. If our conclusion with respect to the temporal dynamics of the effect of isoflurane on memory is correct, it would follow that by interfering with the ongoing decay of weak representations (e.g. by encouraging repeated replay at various time points after the experience, such as questioning patients' recollection of intraoperative events), we might actually facilitate the consolidation into long-term memory of items that would otherwise have been held only in temporary buffers. In summary, we found that subhypnotic isoflurane concentrations did not prevent successful acquisition of new learning sets, but they did substantially impair recollection of learned content after 24 h. These effects are phenomenologically similar to those seen in humans. This paradigm may serve as an animal model of anaesthetic-induced amnesia and thereby facilitate investigations into the underlying mechanisms.
